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Perforating arteries originating
from the posterior communicating artery:
a 7.0-Tesla MRI study
Abstract The aim of this study was to
investigate the ability of time-of-flight
(TOF) magnetic resonance (MR)
angiography at 7.0 Tesla to show the
perforating branches of the posterior
communicating artery (PCoA), and to
investigate the presence of such visible
perforating branches in relation to the
size of the feeding PCoA. The
secondary aim was to visualise and
describe the anterior choroidal artery
and the perforating branches of the P1-
segment of posterior cerebral artery
(P1). Forty-six healthy volunteers
underwent TOF MR angiography at
7.0 Tesla. With 7.0-Tesla imaging, we
visualised for the first time perforating
arteries originating from the PCoA in
vivo without the use of contrast agents.
AperforatingarteryfromthePCoAwas
found in a large proportion of the
PCoAs (64%). The presence was
associated with a larger diameter of the
underlying PCoA (1.23 versus
1.06 mm, P=0.03). The anterior
choroidal artery was visible bilaterally
in all participants. In 83% of all P1s,
one or two perforating branches were
visible.Non-invasive assessment ofthe
perforating arteries of the PCoA
together with the anterior choroidal
arteryandthe perforating arteriesofthe
P1 may increase our understanding of
infarcts in the deep brain structures
supplied by these arteries.
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Abbreviations MR: Magnetic
resonance . PCoA: Posterior
communicating artery . P1: P1-
segment of posterior cerebral artery .
iaDSA: Intra-arterial digital
subtraction angiography . TOF: Time
of flight . SAR: Specific absorption
rate . FOV: Field of view. TONE: Tilt
optimised non-saturated excitation .
MIP: Maximum intensity projection .
TR: Repetition time . TE: Echo time .
SENSE: Sensitivity encoding
Introduction
The posterior communicating artery (PCoA) is an important
component of the circle of Willis. A large variability exists
in the configuration of the PCoA, which can be large,
hypoplastic or even absent in some cases. In addition, two
configurations of the posterior part of the circle of Willis can
be distinguished: a non-foetal configuration, when the
diameter of the PCoA is smaller than the diameter of the
ipsilateral P1 segment of the posterior cerebral artery (P1),
and a foetalconfiguration, whenthe diameterof the PCoA is
larger than the diameter of the ipsilateral P1.
A small or absent PCoA appears to be a risk factor for
ischaemiclesionsofthebrain.Ischaemiccerebralinfarctions
aremoreoftenfoundinpatientswithasmallorabsentPCoA
than in patients with a large PCoA, independent of the
presence of internal carotid artery occlusion [1, 2]. A foetal
variant of the PCoA has been found to be less common in
patients with occipital lobe infarctions than in healthy
controls [3]. Besides ischaemic cerebral infarctions, the
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aetiology of white-matter lesions. A study among patients
with clinical manifestations of atherosclerotic disease
demonstrated a decreased deep white-matter lesion load in
patients with a foetal configuration of the circle of Willis [4],
although these results were not confirmed in a different
population [5].
Lacunarinfarctionsarethoughttoresultfromocclusionof
deep perforating arteries, also called the thalamoperforating
arteries [6, 7]. A potential protective effect of a large PCoA
against ischaemic brain lesions may be explained by the
perforating arteries branching from the PCoA, which feed
the deep brain structures and deep white matter [1–4]. Thus
far, these perforating arteries could only be assessed
post-mortem or via intra-arterial digital subtraction angiog-
raphy (iaDSA) [8, 9] or rotational angiography [10].
Therefore, few studies have investigated the perforating
arteries, and little is known about the perforating arteries
branching from the PCoA. Recently, MR angiography at the
field strength of 7.0 Tesla was introduced as a non-invasive
alternative to depict the perforating branches of the circle of
Willis [11].Thisultra-highfieldstrengthmakesitpossibleto
visualise submillimeter vessels for the first time in vivo
without the use of any contrast agents.
The primary aim of the present study is to assess the
ability of time-of-flight MR angiography at 7.0 Tesla to
show the perforating branches of the posterior commu-
nicating artery, and to investigate the presence of such
perforating branches in relation to the size of the feeding
posterior communicating artery and the configuration of
the posterior part of the circle of Willis. The secondary aim
is to assess the ability to visualise the perforating branches
of the P1,and to describe these branches andto describe the
anterior choroidal artery.
Materials and methods
Participants
Forty-six healthy volunteers [25 men and 21 women, mean
age of 30 (SD 12.6) years] from the local university were
included. None of them reported a history of neurological
or vascular disease.
The study was approved by the medical ethics
committee of the Medical Center in Utrecht, and written
informed consent was obtained from all participants.
MR imaging
MR imaging was performed with a 7.0-Tesla whole-body
system (Philips Healthcare, Cleveland, OH, USA), using a
volume transmit and a 16-channel receive-only head coil
(Nova Medical, Wilmington, MA, USA). Time-of-flight
(TOF) MR angiography was performed in each participant
using a turbo field echo sequence, with a presaturation
slab positioned superior to the imaging volume to suppress
the venous blood and applied once per 230 ms to avoid
specific absorption rate (SAR) constraints. Two variants of
the TOF angiography were used, with a slightly different
resolution. In the first variant, the acquired voxel size was
0.6×0.6×0.6 mm
3, for the second variant it was 0.4×0.5×
1.0 mm
3. The other imaging parameters were as follows:
field of view (FOV) 200×181×68 mm; acquired matrix of
332×294 for the variant with 0.6×0.6 mm in-plane
resolution and 500×354 for the variant with 0.4×0.5 mm
in-plane resolution; repetition time (TR) 23 ms and echo
time (TE) 2.3–2.6 ms, depending on the resolution and
angulation. Excitation pulses consisted of tilt-optimised
non-saturated excitation (TONE) pulses with nominal flip
anglevariationof16–24°inthefeet–headdirectionoverthe
slab.Theslabwasacquiredinaseriesoffourthinnerchunks
(17.5 mm each) to increase the inflow effect. Sensitivity
encoding (SENSE) was applied in the RL direction with an
acceleration factor of 3. The images were reconstructed to
0.3-mm isotropic voxels, and the built-in phase correction
and partial-echo filter of the scanner were applied during
reconstruction. The imaging duration was approximately
9 min 30 s.
Post-processing
Allimageswereexportedtoanofflineworkstation,equipped
with the same viewing software asthe 7.0-TeslaMRsystem.
The post-processing of the angiographicdatawas performed
on the standard console. Maximum intensity projections
(MIPs) were reconstructed for transverse slabs (thickness
3 mm, 2-mm overlap, 30 slices) and for sagittal slabs
(thickness 3 mm, 2-mm overlap, 50 slices and thickness
0.3mm,nooverlap,250slices),andacoronalreconstruction
(thickness 0.3 mm, no overlap, 150 slices) was made from
the axial source dataset of the TOF MR angiograms.
On the transverse slab MIP, intensity profiles for both the
left and right P1 were obtained, as illustrated in Fig. 1 (a, b).
The software programme Matlab (v. 7.6, MathWorks,
Natick, MA) was used to calculate the full width at half
maximum (FWHM) of the profiles. We took the FWHM as
an estimate of the diameter of the P1.
The thin 0.3-mm sagittal slab MIP was used to
investigate whether the PCoA was visible on the left and
the right sides and, when a PCoA was found, to identify
perforating arteries branching from the PCoA. If no
perforating branches were visible, an intensity profile
was made at one point of the PCoA, and the FWHM was
calculated to estimate the diameter. If an image did show a
perforating artery branching from the PCoA, intensity
profiles were obtained both anterior to the branch and
posterior to the branch. For the overall diameter of the
PCoA, the mean of the diameters of the anterior and
posterior of the branch was calculated. To estimate the
2987diameter of the branch itself, an additional intensity profile
was obtained for which the FWHM was calculated.
To obtain a rough estimate of the length of the
perforating branches, measurements were performed by
drawing a line from the most distal part, where the branch
was still visible, back to the origin of the branch at the level
of the PCoA on the sagittal 7-mm slab MIP reconstructions
(Fig. 1c). Although this method does not take the curvature
of the vessel into account and is measured on a slab MIP
projection, this measurement was only used to get an
indication of the length over which the perforators are
visible on 7.0-Tesla MR angiography.
The 3-mm sagittal slab MIP was used to obtain intensity
profiles of the left and right anterior choroidal artery to
calculate the FWHM. Because of the variation in diameter
of the anterior choroidal artery, three intensity profiles were
obtained per artery between the origin of the artery at the
internal carotid artery and the point where the anterior
choroidal artery diverges from the PCoA. The mean of
these three measurements was taken as the diameter of the
anterior choroidal artery.
The presence of perforating branches from the P1 was
investigated on the thin 0.3-mm coronal reconstruction,
and the branches from the left and right P1 were counted.
Because of the relatively low contrast between the arteries
and the background and their rather tortuous course, it was
not possible to obtain a diameter or length measurement of
these arteries.
Statistical analysis
In participants in whom a PCoA was found, we used the
unpaired t-test to test for differences in PCoA diameter
Fig. 1 a Time-of-flight angiography image of the circle of Willis
and the anterior choroidal artery (AChA) on 7.0-Tesla MRI,
transverse slab maximum intensity projection (thickness 7 mm). A
line was set perpendicular to the left P1, and the corresponding
intensity profile (b) is shown. c The posterior communicating artery
with a perforating branch on a sagittal slab maximum intensity
projection (thickness 7 mm) is shown. A line was set from the origin
of the perforator to the last point at which the perforator was visible
to obtain a rough estimate of the length of the perforator
2988between PCoAs with and without a perforating branch. The
sides on which no PCoA was found were left out of the
analysis.
The two configurations of the posterior part of the circle
of Willis, the non-foetal configuration (diameter PCoA <
diameter P1) and the foetal configuration (diameter
PCoA > diameter P1), were analysed. The presence of a
perforating PCoA branch was compared in these two
configurations with use of the chi-squared test.
For all measurements together and for the left and the
right hemispheres separately, the correlation between the
diameter of the P1 and the diameter of the ipsilateral PCoA
were evaluated. The correlation between the left and right
hemispheres was analysed for the diameter of the P1, the
diameter of the PCoA and the diameter of the P1divided by
the diameter of the PCoA (P1/PCoA ratio). A P value<
0.05 was considered significant.
Results
Figure 2 shows a typical example of a perforating artery
branching from the PCoA in a sagittal slab MIP.
There was bilateral absence of a visible PCoA in 2 of the
46 participants (4.4%), unilateral absence was found in 7
(15.2%), and in 37 participants (80.4%) the PCoA was
visible bilaterally (Table 1). Taking the left and right
hemispheres together, a PCoA was visible in 81 of the 92
hemispheres (88.1%), of which 52 (64.2%) had a visible
perforating artery and 29 (35.8%) had no perforating artery.
Within the left hemisphere, 39 (84.8%) of the 46
participants had a visible PCoA, of whom 23 (59.0%)
showed a perforator and 16 (41.0%) did not. In the right
hemisphere, a PCoAwas found in 42 out of 46 participants
(91.3%), 29 (69.0%) with a perforator and 13 (31.0%)
without a perforator. Two visible perforators branching
from one PCoA were found for two PCoAs, both in the
right hemisphere (Fig. 3).
The mean diameter of the perforating arteries was
0.72 mm (SD 0.15). With the method we used to indicate
the length, the mean length of the perforating arteries was
19.3 mm (SD 6.4), ranging from 6.1 to 36.0 mm.
No correlation was found between the diameter of the
P1, the diameter of the PCoA or the presence of a
perforating artery and age or gender.
The mean diameter of all PCoAs with a visible
accompanying perforator was 1.23 mm (SD 0.35); this
was 1.22 mm (SD 0.33) for the left hemisphere and
1.24 mm (SD 0.38) for the right hemisphere. For the
PCoAs without a perforator present, the mean diameter was
smaller, 1.06 mm (SD 0.34) for all PCoAs together;
1.05 mm (SD 0.32) for the left hemisphere and 1.07 mm
(SD 0.38) for the right hemisphere. Taking the left and right
hemispheres together, the overall difference in diameter
was 0.18 mm (SD 0.08, P=0.030) in favour of the PCoA
with a perforator; 0.18 mm (SD 0.11, P=0.101) for the left
and 0.18 mm (SD 0.13, P=0.172) for the right hemispheres
separately.
Of the 81 hemispheres in which a PCoA was present,
there was a foetal configuration (diameter PCoA >
diameter P1) in 16 hemispheres and a non-foetal config-
uration (diameter PCoA < diameter P1) in 65 hemispheres.
Of those with a foetal configuration, 12 (75.0%) had a
visible perforating branch; this was 40 (61.5%) for the
participants with a non-foetal configuration (Table 2).
Although a perforating branch was present more often in
cases of foetal configuration, this difference was not
significant (P=0.392).
Furthermore, we analysed the correlation between the
diameter of the P1 and the diameter of the PCoA. Overall, a
Fig. 2 Time-of-flight angiography image of the posterior commu-
nicating artery with a perforating branch on 7.0-Tesla MRI. Sagittal
slab maximum intensity projection (thickness 7 mm)
Fig. 3 Time-of-flight angiography image of the posterior commu-
nicating artery with two perforating branches. Sagittal slab maxi-
mum intensity projection (thickness 10 mm)
Table 1 Unilateral and bilateral absence and presence of a visible
PCoA
PCoA Participants/hemispheres (%)
Bilateral absence 02/04 (4.3%)
Unilateral absence 07/14 (15.2%)
Bilateral presence 37/74 (80.4%)
Total 46/92 (100%)
2989correlation coefficient of −0.575 (P<0.001, Fig. 4) was
found; for the P1 and the PCoA in the left hemisphere
separately, the correlation coefficient was −0.598 (P<
0.001) and for the right hemisphere −0.663 (P<0.001).
The data showed a correlation between the left and the
right halves of the posterior part of the circle of Willis for
the diameter of the P1(R=0.457,P=0.002), the diameter of
the PCoA (R=0.554, P<0.001) and for the P1/PCoA ratio
(R=0.462, P=0.005).
A visible anterior choroidal artery was found bilaterally
in all participants, with a mean diameter of 0.83 mm
(SD 0.14).
Figure 5 shows an example of perforating arteries
originating from the left and right P1. Taking the left and
right P1 together, no perforators were visible in 16% of the
P1s, one single perforator was visible in 63% and two
visible perforators were present in 20% of the P1s. There
was no significant differencein diameter between a P1 with
one or two perforating arteries and a P1 without a
perforating artery.
Discussion
Time-of-flight MR angiography at 7.0 Tesla showed the
presence of a clearly visible perforating branch of the
PCoA on 52 of the 81 sides on which a PCoAwas present
(64.2%). The presence of a perforating branch from the
Fig. 4 Correlation between the diameter of the P1 and the PCoA for
P1 and the PCoA of the left and right sides together. Correlation
coefficient −0.575 (P<0.001). P1 P1 segment of the posterior
cerebral artery, PCoA posterior communicating artery
Fig. 5 Time-of-flight angiography image of the left and right P1
segment of the posterior cerebral artery (P1) with two perforating
branches. One perforating artery originates from the left P1 and one
originates from the right P1. Coronal slab maximum intensity
projection, thickness 10 mm
Table 2 Configuration of the
posterior part of the circle of
Willis and presence of a
perforator
Configuration Hemispheres (%) Perforator present/not present (%)
Foetal (PCoA > P1) 16 (17.4%) Present: 12 (75.0%)
Not present: 4 (25.0%)
Non-foetal(PCoA<P1) 65 (70.7%) Present: 40 (61.5%)
Not present: 25 (38.5%)
Subtotal 81 (88.1%) Present 52 (64.2%)
Not present: 29 (35.8%)
No PCoA 11 (11.9%) Present: 0 (0%)
Not present: 11 (100%)
Total 92 (100%) Present: 52 (56.5%)
Not present: 40 (43.5%)
2990posterior perforating artery was associated with a larger
diameter of the posterior communicating artery. Further-
more, a significant correlation was found between the
diameter of the P1 and the diameter of the PCoA, and a
significant correlation between the left and right halves of
the posterior part of the circle of Willis for the diameter of
the P1, the diameter of the PCoA and the P1/PCoA ratio.
In the present study with TOF MR angiography at
7.0 Tesla, we found bilateral absence of a visible PCoA in
only 4.3% and unilateral absence in 15.2%. In a previous
study with TOF MR angiography at 1.5 Tesla, the absence
of a visible PCoA was higher: the authors found bilateral
absence of a PCoA in 11% of the participants and unilateral
absence in 34% of the participants [12]. These results
suggest that the number of unilateral or bilateral invisible
PCoAs is lower at 7.0 Tesla, which shows the higher
sensitivity of a smaller vasculature and a low flow at a
higher field strength. According to post-mortem examina-
tions of the circle of Willis, bilateral absence of a PCoA is
very rare (0.25%) and the unilateral absence of a PCoA is
found in 2.25–3.0% [13]. Therefore, in most of the
participants in the present study without a visible PCoA,
this will probably be caused by low flow through the PCoA
or a very small diameter. The PCoA is a unique artery that
forms a connection between the anterior and posterior
cerebral circulation. Thus, in the case of a balanced blood
supply anteriorly and posteriorly through the circle of
Willis, the blood flow through the PCoA can be very low
compared with the diameter.
In our study we show the presence of a visible
perforating branch originating from the PCoA in 64.2%
of the sides on which a PCoA is visible. Compared with
post-mortem studies, the current prevalence of perforators
branching from the posterior communicating artery will
also be an underestimation because of very low flow
velocities in smaller perforating arteries, which make these
arteries invisible even on the current TOF MR angiography
images at 7.0 Tesla. Besides that, due to intravoxel
dispersion effects (‘partial volume’), signal reduction
occurs. As a result the signal of these very small arteries
might be too low to be detectable as an artery.
The diameter measurements of the perforating branch of
the posterior communicating artery reveal that we can
detect perforators with a minimum size of about 0.41 mm.
The ability to show these perforators over a length of up to
approximately 36.0 mm in their course into the deep brain
structures demonstrates the sensitivity of the current
technique for these perforating arteries. Furthermore, two
perforators branching from one PCoAwere also detected in
2 out of 52 hemispheres.
When measuring the diameter of a vessel on an
angiogram with the FWHM method, the accuracy of the
FWHM method for vessels with a diameter that is close to
the voxel size should be considered. The smallest artery we
measured in this study was the perforating artery from
the PCoA. The mean diameter of this artery was 0.72 mm
(SD 0.15 mm), so in most cases this measurement will be
based on about one to two acquired pixels in the lumen of
the vessel. According to a study of the accuracy of vessel
diameter measurement in MR angiography, measurements
with one to three pixels/diameter will give an error in the
estimation of the diameter, which can be an overestimation,
but even an underestimation. [14]. This error is approxi-
mately 30% at most, so in case of a vessel of 0.41 mm, the
actual diameter will lie between 0.29 mm and 0.53 mm.
An overall association was found between the presence
of a perforator originating from the PCoA and a larger
size of the PCoA, although this was only significant for
the left and right sides combined. A possible explanation
for this association could be that more flow via the PCoA
is needed to supply such a branch, resulting in a larger
diameter of the PCoA on flow-weight MR angiography
images. However, the expected amount of blood needed
to feed a perforating artery is most likely too small to
cause a measurable change in diameter. Therefore, we
consider that the relation between a perforator branching
from the PCoA has its origin in the developmental phase of
the cerebral vasculature. In its embryological development
there will be a higher chanceof a perforator originating from
a large PCoA than from a small PCoA. That the results are
not significant for the left and right sides separately is
possibly because of the relatively small number of
participants in the study. We would expect this association
to become significant when analysed in a larger study.
The correlation between the left and right halves of the
posterior part of the circle of Willis, for the P1, the PCoA
and the P1/PCoA ratio, shows us the relation between the
blood supply of the left and the right hemispheres. If one
side has a large diameter, the other side will probably also
have a relatively large diameter. Not only the diameter of
the P1 and the diameter of the PCoA show this relation,
which can be caused by larger vessels in general within one
person, but also the P1/PCoA ratio is related. This indicates
that the blood supplies in the left and right hemispheres,
originating from the circle of Willis, are associated. As with
the P1/PCoA ratio itself, it is most likely that the relation
between the left and right sides of the circle of Willis is also
already determined in the developmental stage of the brain.
In this study we also found a significant correlation
between the diameter of the P1 and the diameter of the
PCoA, indicating that with a larger diameter of the P1, the
diameter of the PCoA in general will be smaller. This could
be expected because when there is more blood supply via
the P1, the diameter will be larger and less blood flow via
the PCoA is needed, so the diameter of the PCoA will be
smaller. The observation of a smaller diameter of the PCoA
suggests that the overall blood supply to the posterior part
of the brain might be regulated by both P1 and PCoA.
The present MR angiography technique, with a detailed
depiction of perforating branches of the arteries at the level
of the circle of Willis, may be helpful in increasing
understanding of the variations in normal anatomy in vivo
2991and to improve knowledge of the pathophysiology of
ischaemia in the deep brain structures. The presence of a
large perforating branch from the PCoA may protect the
deep brain structures, such as the thalamus, from ischaemia
[2]. In addition to lacunar infarcts, the presence of
perforating branches may enhance our understanding of
small-vessel disease, resulting in leukoaraiosis. We spec-
ulate that the smaller amount of lacunar infarcts and white-
matter lesions observed in previous studies in patients with
a larger PCoA might be explained by a protective effect of
the presence of a large perforating branch from the PCoA.
Although only the PCoA has been investigated in
relation to ischaemic brain lesions, the collateral blood
supply is also important. The anterior choroidal artery and
the perforating arteries that originate from the P1 are
important arteries to provide collateral blood supply to the
area supplied by the perforating arteries originating from
the PCoA. Especially in the case of ischaemic brain lesions,
these vessels can play an important role in the collateral
blood supply. The TOF MR angiography at 7.0 Tesla
showed the bilateral presence of the anterior choroidal
artery in all participants. Also the perforating branches
originating from the P1 were clearly visualised in a large
proportion of the P1s (83%), 63% with one visible branch
and 20% with two visible branches from the P1.
Inconclusion,weshowthecapacityofMRangiographyat
7.0 Tesla to show the perforating branches of the PCoA, and
bydoing so, weshowed the relation between the presenceof
theseperforatorsandtheanatomyofthePCoA.Furthermore,
we found a significant correlation between the diameters of
the P1 and the PCoA, and between the left and right sides of
the circle of Willis. Perforating arteries originating from the
P1andtheanteriorchoroidalarteryarealsoclearlyvisualised
with 7.0-Tesla angiography. In future studies, the detailed
assessment of the perforating arteries originating from the
PCoAwith non-invasive MR angiography may increase our
understanding of infarcts in the deep brain structures
supplied by these perforating arteries.
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